We investigated the electronic and local crystal structures of the sintered half-Heusler ZrNiSn alloy by synchrotron radiation photoemission spectroscopy (SR-PES), synchrotron radiation X-ray powder diffraction (SR-XRD) measurements, and electronic band structure calculations to clarify mechanisms leading to improvements in the thermoelectric properties of materials. In contrast to the predicted semiconductor-like electronic structure, the SR-PES results show a pseudo-gap at the Fermi level, and the SR-XRD analysis reveals an interstitial Ni disorder in the half-Heusler structure. An improvement in the thermoelectric properties can be achieved by material design based on the pseudo-gap electronic structure of half-Heusler ZrNiSn-based alloys.
Introduction
Thermoelectric materials have attracted a lot of attention because of their potential application in power generation and energy conservation. 1, 2) The performance of thermoelectric materials can be evaluated by their dimensionless figure of merit ZT = S 2 ·T/¬, where S is the Seebeck coefficient, · the electrical conductivity, ¬ the thermal conductivity, and T the absolute temperature.
3) According to this formula, good nand p-type thermoelectric materials should exhibit high Seebeck coefficients, large electrical conductivities, and low thermal conductivities.
Half-Heusler MNiSn and MCoSb (M = Ti, Zr, Hf ) alloys with a valence electron count of 18 are considered to be semiconductors with a narrow band gap 46) and a promising class of thermoelectric materials with their large dimensionless figure of merit ZT 713) and structural stability, even at high temperatures. 14) Numerous half-Heusler ZrNiSn-based alloys have been investigated, and ZT values of 0.52 (p-type) and 1.0 (n-type) (at 1000 K) have been reported for the Zr 0.5 Hf 0.5 -CoSb 0.8 Sn 0. 2 10) and Zr 0.4 Hf 0.6 NiSn 0.98 Sb 0.02 12) alloys, respectively. However, the main drawback of half-Heusler alloys is their relatively high thermal conductivity. Recently, many researchers have proposed a nano-structuring and nanocomposite approach to decrease the thermal conductivity and improve the thermoelectric performance of these alloys. 15) Although the optimization of the thermoelectric performance of half-Heusler ZrNiSn-based alloys has been extensively investigated, the mechanism by which the thermoelectric properties are improved has not been clarified. This information is nonetheless essential for the future development of these materials. The thermoelectric properties of the sintered ZrNiSn alloy are known to strongly depend on the sintering and heat-treatment conditions, such as annealing temperature and time.
8) The changes in the thermoelectric properties are thought to originate from the degree of disorder in the half-Heusler structure, but only a few studies of the electronic and local crystal structures have been reported. 16, 17) Recently, synchrotron radiation X-ray diffraction (SR-XRD) 16) and synchrotron radiation photoemission spectroscopy (SR-PES) 17) measurements on ZrNiSn suggested that a local disorder exists in the alloy and that an in-gap electronic state which is not predicted by electronic band structure calculations 6) appears in the semiconductor gap. Hazama et al. 18) also measured the unexpected in-gap electronic state by SR-PES for the half-Heusler TiNiSn alloy, which possesses the same crystal structure but a smaller bandgap compared to the ZrNiSn alloy, and attributed it to a local disorder using theoretical band structure calculation. However, the relationship between the local crystal structure and the unexpected in-gap electronic state for the ZrNiSn alloy has not been clarified yet. To elucidate the difference between the theoretical and experimental electronic structures and clarify the effect of local disorder on the electronic structure, we investigate the electronic and local crystal structures of the sintered ZrNiSn alloy by PES and XRD measurements as well as electronic band structure calculations for several defect models.
Experimental and Theoretical Procedures
A stoichiometric ZrNiSn alloy was first prepared by arc +1 melting of appropriate mixtures of 99.99% pure Zr and Ni, and 99.999% Sn, in an argon atmosphere. The ingot was crushed to form a powder composed of particles with a diameter smaller than 45 µm. To obtain a highly dense sample, the powder was consolidated to a disk by spark plasma sintering (SPS) at 1273 K under 50 MPa for 30 min in vacuum. A carbon sheet liner was rolled inside the die to prevent reaction and adhesion between the sample and die. Samples for the PES and XRD measurements were cut from the disk with a SiC blade and crushed to obtain a powder composed of particles with a diameter smaller than 45 µm. The samples were sealed in an evacuated quartz capsule and annealed at 1073 K for one week.
The actual composition of the sintered ZrNiSn alloy was determined by X-ray fluorescence (XRF) spectroscopy and found to be Zr 1.00 Ni 1.05 Sn 1.02 (with an accuracy of 0.02), which means that the sample contains a small excess of Ni. Only one phase, the half Heusler-type (C1 b ) structure, was observed by conventional Cu-K¡ XRD measurements. The density of the investigated alloy was found to be 7.734 g/cm 3 (determined by the Archimedes method), which represents 98.3% of the theoretical relative density.
The Seebeck coefficient and electrical resistivity were measured with a commercially available apparatus (ZEM-3, ULVAC-RIKO, Inc.) in the temperature range 3001050 K.
Soft X-ray and ultraviolet PES measurements were performed using the BL27SU 19) and BL5U 20) beamlines at the SPring-8 and UVSOR-III synchrotron radiation facilities in Japan. Photoemission spectra were recorded at 10 K using the angle-integrated mode. Clean surfaces for the PES measurements were obtained by in-situ fracturing with a knife edge at 10 K under ultra-high vacuum. The Fermi level and total energy resolution were determined by the Fermi edge of evaporated gold films. The total energy resolutions were set to 160 and 50 meV at the excitation photon energies (h¯) of 1000 and 50 eV, respectively.
High-resolution SR-XRD measurements were performed at 100 and 300 K using the BL02B2 beamline (wavelength = 0.045993 nm), SPring-8.
21) The wavelength was precisely calibrated using a CeO 2 standard sample. To discuss the detailed local crystal structure, such as the site occupancy of each constituent atom, a Rietveld analysis using the RIETAN-FP package was performed. 22) Electronic band structure calculations for a perfect and several disordered structures of the half-Heusler ZrNiSn alloy were performed using the VASP package 2325) for the pseudopotential method 26, 27) and the generalized gradient approximation.
28) The cut-off and convergence energies were set to 200 Ry and 0.001 eV, respectively. A stable crystal structure in each model was determined by minimizing the total energy, which was achieved by relaxing the lattice parameters. The defect formation energy (E DF ) for the defect model (DM) was calculated by considering the total energy of a perfect crystal (PC) as
, where E is the total energy of the system and ® is the chemical potential.
Results and Discussions
Figures 1(a) and 1(b) show the temperature dependence of the Seebeck coefficient, S, and the electrical resistivity, μ, in the ZrNiSn alloy, respectively. μ shows a semiconductor-like temperature-dependent behavior. The sign of S is negative, and the absolute value of S retains a large value from 340 (300 K) to 230 (900 K) µV/K. Our results of the thermoelectric properties of the ZrNiSn alloy are consistent with those of previously reported studies. 9) Figure 2 shows a typical wide photoemission spectrum for ZrNiSn with an excitation photon energy h¯= 1000 eV. Most peaks are attributed to the valence band, core level and Auger electrons of the constituent Zr, Ni and Sn elements. An unknown peak, which cannot be attributed to contamination, such as carbon 1s and oxide 1s states, is observed at a binding energy (E B ) of about 180 eV. Since no contamination is observed in the wide photoemission spectrum, the SPS process is a suitable fabrication method for ZrNiSn alloys. Figure 3(a) shows the photon-energy-dependent valence band spectra and density of states (DOS) determined by electronic band structure calculations using a theoretical lattice parameter of a = 6.154 ¡. The experimental spectra are normalized with respect to their integrated intensity on the whole valence band up to E B = 12 eV. The calculated DOS is consistent with previously reported ones 6) and the valence bands from 0 to 5 eV and 7 to 10 eV are attributed to the Zr 4d and Ni 3d states and the Sn 5s state. The overall features of the photoemission spectra of ZrNiSn are in good agreement with the DOS results, even though a shift to higher binding energies is observed compared with the predicted values.
The peaks and shoulders observed around 1.0, 2.1, 4.4, 9.0, and 3.1 eV at h¯= 1000 eV are steeper than those at h¯= 50 eV. In particular, the peaks at 1.0, 3.1, 4.4, and 9.0 eV become prominent at h¯= 1000 eV. There are two reasons for the change in photoemission spectra with changing h¯. One reason is the change in the probing depth of the photoelectrons due to a kinetic-energy dependence of the inelastic electron mean free path (IMFP), 29) and the other is the difference between the photon-energy-dependent atomic cross-sections of the elements. 30) There are two ways to change the probing depth: one is to change the excitation photon energy and the other is to change the angle of photoelectron detection, that is, the emission angle measured from the sample surface normal.
The IMFPs of the valence electron (E B = 0 eV) at h¯= 50 and 1000 eV, calculated by the Tanuma-Powell-Penn TPP2M formula using the QUASES code, 3133) are about 5 and 17 ¡, respectively, and the values obtained at 0, 45, and 60°( with h¯= 1000 eV), calculated using the concept of depth distribution function 29) are 17, 12 and 9 ¡, respectively. Figure 3(b) shows the photoelectron emission angulardependent valence band spectra, where it can be seen that the electronic structure of the ZrNiSn alloy is continuously homogeneous from the bulk to the surface. Therefore, the changes observed in the photoemission spectra between h¯= 50 and 1000 eV are caused by the different photonenergy-dependent atomic cross-sections. If the photon energy is increased from 50 to 1000 eV, the atomic cross-sections of the Zr 4d, Ni 3d and Sn 5s states change by 0.006, 0.002 and 0.015 times, respectively. 30) As a result, the partial DOS originated from the Zr 4d and Sn 5s states are expected to be enhanced compared with that from the Ni 3d state. This hypothesis is consistent with the results of partial DOS obtained for each constituent.
Figures 3(c1) and 3(c2) show the photoemission spectra near E F at h¯= 50 and 1000 eV, respectively, for the ZrNiSn alloy and a Au film. The intensity of the photoemission spectra of the Au film gradually decreases from 0.4 eV to a value near the E F and changes as a Fermi distribution curve at the E F . The bandgap was not observed in the photoemission (b) Photoelectron emission angular-dependent photoemission spectra for the ZrNiSn alloy at h¯= 1000 eV. Photoemission spectra near the Fermi edge at h¯= 50 eV (c1) and 1000 eV (c2) for the ZrNiSn alloy and a Au film. The dots and lines show the original photoemission spectra and smoothed spectra, respectively. The inverted triangles indicate the point of inflection in each spectrum. spectra within the total energy resolution of the present measurements. The intensity of the photoemission spectra of the ZrNiSn alloy presents a point of inflection around 0.26 « 0.02 eV and 0.30 « 0.02 eV at h¯= 50 and 1000 eV, respectively. The position of this inflection point was estimated from the second derivative of each spectrum. The observed intensity at E F and the inflection point suggests the existence of a semi-metallic in-gap state, which is inconsistent with the predicted semiconductor-like band structure for the ZrNiSn alloy. 6) However, the electronic state near the Fermi level may be an incoherent state due to disordering and/or strongly electron correlation, which might not affect the transport properties. Therefore, we considered that the observed electronic structure is consistent with the theoretical one, obtained by the experimentally determined atomic arrangement.
Recently, SR-XRD measurements on ZrNiSn 16) and highresolution transmission electron microscope analyses on TiNiSn 34) suggested that some of the vacancy sites in the half-Heusler structure are filled with excess Ni atoms so that a full-Heusler local structure, such as ZrNi 2 Sn or TiNi 2 Sn appears. The existence of a specific local crystal structure might explain the semi-metallic state at the E F . The local crystal structure of the ZrNiSn alloy was thus investigated by SR-XRD measurement. Figure 4 shows the SR-XRD patterns of the ZrNiSn alloy at 100 and 300 K. To discuss the local crystal structure of the material, a Rietveld analysis using the RIETAN-FP package was performed. In the ordered crystal structure of the halfHeusler ZrNiSn alloy, the 4a, 4b and 4c sites are fully occupied by Zr, Sn, and Ni atoms, respectively. Since a small Ni excess exists in the sample, the occupancy of the vacancies (4d site) is chosen to be a variable parameter. If the occupancies of Zr and Sn are treated as fitting parameters, no conversion is reached. Therefore, these values were fixed to one, as shown in Table 1 , where the converged results for the ZrNiSn alloy, evaluated from the Rietveld analysis, are presented. Since the reliability factors, namely R wp , R p , R e and s, are sufficiently small, and the isotropic displacement parameters have suitable values, these fitting results are considered appropriate.
All the diffraction peaks at 100 and 300 K can be successfully explained using a half-Heusler (C1 b ) structure, and no phase transition occurs between those two temperatures. The lattice parameter at 100 K has shrunk slightly compared with that at 300 K. The Rietveld analysis shows the existence of an interstitial Ni/vacancy anti-site disorder, in which the Ni atom (4c site) is replaced by a vacancy (4d site) in the ordered ZrNiSn crystal structure. Our SR-XRD results are consistent with recent SR-XRD measurements reported in another study. 16) The compositions at 100 and 300 K, estimated by the Rietveld analysis, were ZrNi 1.02384 Sn and ZrNi 1.03352 Sn, respectively. These results are consistent with the XRF measurements. Therefore, we conclude that the sintered ZrNiSn alloy consists of the half-Heusler ZrNiSn structure and a full-Heusler, such as ZrNi 2 Sn alloy. This result suggests that it is important to clarify the effect of local disorder on the electronic structure.
To clarify the effect of Ni/vacancy anti-site disorder on the electronic structure of the materials, we performed band structure calculations on the half-Heusler ZrNiSn alloy considering various disorder configurations. Figure 5 shows the crystal structures of the half-Heusler ZrNiSn alloy and the models used for the calculation: a vacancy at the Sn site (model 1), a vacancy at the Zr site (model 2), the substitution of a Ni atom at the Zr site (model 3), the substitution of a Ni atom at the Sn site (model 4), and an interstitial Ni atom at one of the vacancy sites in the half-Heusler structure (model 5).
Figures 6(a) and 6(b) show the defect formation energies (E DF ) and changes in lattice parameters for the different models. The E DF value obtained for model 5 is the lowest among all the considered defect models. Model 5 leads to an expansion of the lattice parameter that is comparable with that of a perfect ZrNiSn crystal. The lattice parameter obtained for TiNiSn (including the excess Ni atoms) is slightly expanded. 18) Therefore, the local crystal structure considered in model 5 is suitable for explaining the disorder of the sintered ZrNiSn alloy. Figure 6(c) shows the DOS for a perfect ZrNiSn crystal and the different defect models considered herein. Models 14 contain an impurity state in the gap, whereas the model 5 is based on a pseudo-gap-like electronic structure around E F , which is consistent with the PES results. Therefore, the observed in-gap state may be the coherent state affecting the thermoelectric properties of the ZrNiSn alloy. We intend further theoretical investigation of the electronic structure and thermoelectric properties by applying the full potential method (which is the most accurate band structure calculation method) in order to understand the detailed changes in the electronic structure due to the local disorder. We conclude that the presence of an interstitial Ni atom at one of the vacancy sites leads to a semi-metallic electronic structure at E F , forming a pseudo-gap.
For thermoelectric materials, it is an advantage to have a pseudo-gap around E F . It is argued that a large value and the sign of the Seebeck coefficient, S, are brought about by a low density of states, N(E), coupled to a steep slope, @N(E)/@E, at E F and that the electrical conductivity, ·, is proportional to N(E). 35) Since the DOS rises on both sides of the pseudo-gap, we expect the absolute value of S and · to be well enhanced and the sign of S to be controlled by hole-or electron-doping. In fact, in the case of the Heusler Fe 2 VAl alloy with a pseudogap around E F , the hole-and electron-doping cases, such as the Fe 2 V 1¹y Ti y Al 36) and Fe 2 VAl 1¹y Si y 37) alloys, both exhibit a large S value going from 70 µV/K for the p-type to ¹130 µV/K for the n-type material as well as a large ·. Thus, hole-and electron-doping, for example by substitution of Y or Sc with Zr (hole-doping) or by substitution of Nb or V with Zr (electron-doping), is an effective way to improve the thermoelectric properties of the half-Heusler ZrNiSn alloy.
Conclusion
In conclusion, we have investigated the electronic and local crystal structures of the sintered ZrNiSn alloy by SR-PES, and SR-XRD measurements, and electronic band structure calculations. We found that interstitial Ni disorders remain at the vacancy sites of the half-Heusler ZrNiSn alloy and that a semi-metallic electronic structure with a pseudogap is formed at the Fermi level. Thus, we expect to be able to improve the thermoelectric properties of half-Heusler ZrNiSn-based alloys by controlling the position of the Fermi level through electron-and hole-doping. 
